The ultrasonic velocity and elastic stiffness constant of rubber wood were studied using ultrasonic technique in three main symmetry axes and an angle rotating from the symmetry axes. The effects of moisture content were also determined in each case. A strong correlation was found between the velocity and the moisture content. As the moisture content increased, the velocity and the stiffness constant were found to decrease. The longitudinal direction showed the highest velocity and hence the elastic stiffness constant. Linear regression equations were obtained between velocity and grain angle with R 2 from 0.86 to 0.99.
Introduction
The nondestructive testing of the materials by ultrasonic techniques is usually used to measure the thickness of the solids, mechanical strength and various energy loss mechanisms (Alippi and Mayer 1987; Green 1973; Papadakis 1976) . The conventional static test (destructive) for evaluating the wood properties is quite an expensive, time consuming process and it would take decades of work to accomplish the test for the various species. As an alternative to the static testing, several methods such as vibration, X-ray radio graphics, pilodyn wood testers have been employed for evaluating the wood properties (Parker and Kennedy 1973) . The ultrasonic technique may be suitable for the rapid determination of the mechanical properties as well as detecting the presence of defect such as honeycomb, check, knot, etc., inside the wood (James et al. 1995) . The effectiveness of this method depends mainly on the thorough investigations with different species, proper designing and the measurement accuracy of the instrument. The ultrasonic velocity, wood anisotropy and attenuation of some of the softwood species were investigated by Bucur (1983 Bucur ( , 1985 Bucur ( , 1988 , Bucur and Feeney (1992) , Sakai et al (1987 Sakai et al ( , 1990 , Bucur and Archer (1984) but very few works reported on the tropical hardwood species using ultrasonic method.
The relationship between the stiffness constant and ultrasonic velocity of the orthotropic materials are given by Christofel equation (Musgrave 1970) [r ik -pV 2 5 ik ] = 0 where, T ik is the Christofell stiffness which is a function of stiffness matrix, Cy and component of unit wave normal vector nj, p is the density of the material and 6 ik is the Kronecker delta-tensor of rank two. Nine independent elastic stiffness constants are needed for complete characterization of one wood species, i.e., six for in-axis (diagonal) and three for out-of axes (off-diagonal) measurement. The six diagonal elastic stiffness constants are related to the velocity by the following equation
The ultrasonic wave velocity and elastic stiffness constants of rubber wood (Hevea brasiliensis) were studied extensively in the three symmetry axes: longitudinal (L), radial (R) and tangential (T) and at various angle with respect of three main symmetry axes. Rubber wood has been planted in Peninsular Malaysia for the past hundred years mainly for its latex. At the age of 25-30 years, the trees cease their economic production of latex and then felled for timber. Rubber trees generally attain a clear bole of more than 10 meters tall and a diameter of 50cm at breast height. The wood texture is even and fairly fine, with moderately straight and slightly interlocked grains (Anon. 1982) .
Materials and Methods
The experiment was carried out with a commercial ultrasonic tester (BP V-Steinkamp, Germany) of 45 kHz pulsed longitudinal waves. Two conical transducers were used for transmitting and receiving the pulses. Transmission times were digitally displayed and recorded manually. Transmitting time was measured to an accuracy of ±01 μ8. For measuring the ultrasonic velocity in L, R and Τ directions, the specimens were prepared into a cube of dimensions about 2cm x 2cm χ 2cm (L x R χ Τ). Each surface of the specimen was abraded using a belt sander. The transducers were placed perpendicularly on the faces of each direction. For measuring the ultrasonic velocity in the rotation of LT, LR and TR directions, the specimens were prepared in the semi-circular in shape. The average thickness of the specimens was about 1.5cm. The transmitting transducer was placed at the center of the main orthotropic axis and the receiving transducer rolling on the circular Holzforschung / Vol. 51 / 1997 / No. 3 © Copyright 1997 Walter de Gniyter · Berlin · New York faces. The measurements were taken from 0° to 90° at an interval of 10° from L to Τ and R; and Τ to R directions. To measure the ultrasonic velocity at different moisture content, the specimen was fully soaked in water a for sufficiently long time, weighed and measurements were taken. Then, it was dried in air to reduce the moisture. This cycle of measuring, weighing and drying was repeated for many times until the specimen showed no change of weight by drying. The ovendry weight of the specimen was taken by drying in an electric oven at 100± 3°C for 24 hours.
Results and Discussion
The ultrasonic velocities in L, R and T direction at different moisture content are presented in Figure 1 . The velocities in L direction were found to be greater than R and T direction. This result agrees well with the previous workers on the other wood species (Kamioka 1988; Bucur 1988 Bucur , 1983 Bucur and Feeney 1992) . The higher acoustic velocity in L direction may be due to the longitudinal orientation of cell along L axis since cell walls provide a continuous wave path. Folge (1984) , on the other hand, found a strong correlation between the fibre length and the ultrasonic velocity V LL that permits the possibility to develop a nondestructive methodology for fibre length measurement. The acoustical wave in radial direction facing a tubular structure in the presence of rays, but in tangential direction an acoustical conducting structure is completely absent (Bucur 1988) . Consequently, the velocity in radial direction is greater than the tangential direction. In addition to the presence of rays in plane containing the R-axis, there are two other anatomical factors that contribute to the wood anisotropy. One is the annual ring structure having latewood and earlywood; the other is the difference between the R and T directions in the geometrical arrangement of the cells (Mclntyre and Woodhouse 1986) .
The ultrasonic wave velocities are plotted as a function of grain angle at different moisture content for each rotation plane LT, LR and TR and depicted in Figure 2 . The diagonal and off-diagonal stiffness constant are calculated from the ultrasonic wave velocity and density, these are given in Tables 1 and 2 . The density used for this calculation are of 578kg/m 3 and 595kg/m 3 in green and airdry conditions respectively. The linear regression analysis of ultrasonic wave velocity as a function of grain angle is presented in Table 3 . Table 4 shows the correlation between the moisture content and the ultrasonic wave velocity for each rotational plane and grain angle. As shown in Figures 1 and 2 , the moisture content affect the ultrasonic velocity considerably. When the moisture content increases the velocity decreases for both in^axis and out-of-axis measurement. Consequently, 'the diagonal and the off-diagonal stiffness constant follow the same trend (Tables 1 and 2 ). The moisture changes the ultrasonic velocity through two parameters: one is the intrinsic effect on the stiffness constant and the other is the density. The free water also contributes to the ultrasonic velocity as well as the stiffness constant though there is no change of density Nakamura and Nanami (1993) obtained continuous decreasing of velocity instead of getting any sharp division line in the region fibre saturation point for Sugi wood. Possibly, the increase of free water increases the attenuation resulting the lowering of the velocity. Strong correlations were found between the moisture content and the velocity for each grain angle and orthotropic plane (Table 4) . The out-of-axis measurements, i.e., the rotation from L to Τ and R; and from Τ to R affect both the velocity and the stiffness constant (Table 2, Fig. 2 ). The differences observed between stiffness constant presented in Table 1 2500 π 2000 - and those in Table 2 at corresponding angle 0° and 90° are due to the inherent variability of the specimens. Any deviation from the L symmetry axis reduces the velocity and stiffness constant. This can be used for detecting the grain defect by nondestructive ultrasonic method. It is clear that the longitudinal direction displays the highest velocity and stiffness constant whereas the tangential propagation displays the least. As the propagation direction is changed from one axis towards the another the velocity or the stiffness constant is seen to increase or decrease accordingly. The increased value along the longitudinal symmetry axis of wood material can be attributed to the spatial filtering action of wood fibres, which grow along the directions. Similar results were also observed by Bucur and Feeney (1991) , Bucur and Archer (1984) and Armstrong et aL (1991) . The velocity can be obtained from grain angle using regression equations with R 2 from 0.85 to 0.99 (Table 3 ). The two constants of the regression are found to increase with the decrease of moisture content. Wood anisotropy may be estimated by the ratios between the velocities in the three main symmetry directions (Table 5) . Such an approach affords the means of estimating the departure of wood from a pure Orthotropic behaviour. From Table 5 it is shown that the ratio between the velocities in the L, R and Τ symmetry axes is roughly 1:2:3. Bucur (1988) obtained almost the same ratio for other wood species. These ratios are in agreement with those of mechanical properties such as Young's moduli cited by Kollman and Cote (1968) .
Conclusions
The moisture content and grain angle both have substantial effect on the ultrasonic velocity and the stiffness constant of rubber wood. The highest velocity was obtained in longitudinal direction whereas, the lowest value in tangential direction. The rotation from L-axis to any other symmetry axis reduces the velocity that could play an important role for detecting grain defect by nondestructive method. The statistical relationships between grain angle and velocity may be expressed as regression equations that show strong correlation (R 2 = 0.86 to 0.99).
